Twenty four diverse cultivars of soybean (Glycine max [L.] Merrill) and three lines of its annual wild progenitor Glycine soja Sieb and Zucc. were tested for their response to Agrobacterium strains harboring either the Ti (tumor-inducing) plasmid (pTi) from Agrobacterium tumefaciens or the Ri (root-inducing) plasmid (pRi) from Agrobacterium rhizogenes following uniform wounding and inoculation. Based upon gall weight at 8 weeks postinfection, three G. max cultivars (Biloxi, Jupiter, and Peking) (4, 7). In the host cell a part ofthe plasmid DNA, the T-DNA, becomes integrated into the chromosomes (4, 7, 24). In certain instances, whole plants may be regenerated from cells transformed by 7, 16, 18, 22) , and genes normally carried on T-DNA or, alternatively, foreign genes inserted into T-DNA have been expressed in various tissues of the regenerated plants (7, 16, 18) . Furthermore, genes introduced into these plants by the Ti plasmid were inherited through seed in a Mendelian fashion (16, 18) .
highly susceptible to A. tumefaciens strain A348 (pTiA6), ten genotypes moderately susceptible, 11 weakly susceptible, and two nonsusceptible. Of 26 genotypes inoculated with strain R1000 (pRiA4b), only seven responded in a clearly susceptible fashion by forming small, fleshy roots at internodal infection sites. Cotyledons excised from 1-or 3-day old seedlings of Peking and Biloxi cultivars also formed galls when infected in vitro with agrobacteria carrying either the Ti or Ri plasmid. Tumor lines established from cotyledon and stem galls induced byA. tumefacinxs A348 (pTiA6) exhibited the T-DNA borne traits of phytohormoneindependent growth and octopine synthesis. Additionally, DNA isolated from cultured tumors hybridized with labeled T-DNA probe.
The Ti (tumor-inducing) and Ri (root-inducing) plasmids of the pathogenic bacteria Agrobacterium tumefaciens and Agrobacterium rhizogenes, respectively, are known to cause the transfer of DNA into plant cells during the course of infection (4, 7) . In the host cell a part ofthe plasmid DNA, the T-DNA, becomes integrated into the chromosomes (4, 7, 24) . In certain instances, whole plants may be regenerated from cells transformed by T-DNA (2, 7, 16, 18, 22) , and genes normally carried on T-DNA or, alternatively, foreign genes inserted into T-DNA have been expressed in various tissues of the regenerated plants (7, 16, 18) . Furthermore, genes introduced into these plants by the Ti plasmid were inherited through seed in a Mendelian fashion (16, 18) .
The above research has demonstrated that the Ti, and probably the Ri, plasmids potentially can be used as gene vectors for those higher plants that are hosts to the respective bacterium. Because of the economic importance of soybean worldwide, we investigated whether soybean is a host to agrobacteria carrying either of these plasmids. Reviews of extensive data on the host range ofA. tumefaciens, the crown-gall inducing bacterium (9) , and A. rhizogenes the 'hairy root' inducing bacterium (11) , were ambiguous as to whether soybean is susceptible to either Agrobacterium species. Becasue of this uncertainty, we undertook a study of 24 genetically diverse cultivars of Glycine max and three lines of its annual wild progenitor G. soja in relation to Agrobacterium pathogenesis.
We found a wide range in susceptibility to agrobacteria harboring Ti or Ri plasmids and identified highly susceptible genotypes of Glycine max and G. soja to strains of either plasmid type. While this work was in progress, Pedersen et al. (20) (14) and R1000 (A 136 harboring pRiA4b from A. rhizogenes A4T) were obtained from Dr. Milton P. Gordon.
Stock cultures were maintained on YEB agar medium (yeast extract, 1 g/l; beef extract, 5 g/l; peptone, 5 g/l; MgSO4. 7H20, 0.5 g/l; sucrose, 5 g/l; and agar, 15 g/l). Strain A348 was occasionally streaked on minimal medium containing octopine as the sole N source (15) .
Inoculations. Bacteria were grown on AB minimal agar medium (6) for 2 to 3 d, scraped off, washed, and suspended in 0.9% NaCl to a concentration of 5 x 100' cells/ml. Soybean plants at the third trifoliate stage of growth (2-3 weeks old) were wounded between nodes two and three (internode about 3.5 cm), and 10 gl of the bacterial suspension was spread over the wound area. Uniform wounding was achieved by use of a wounding tool consisting of a small, flat piece of wood through which 12 hypodermic needles (26 gauge) were arranged along a 1-cm line.
The needle tips, protruding about 1 mm through the wood, were gently pressed into the stem to the maximum extent possible. immersing in commercial bleach diluted 1:5 with water containing a few drops of detergent and sonicating for 5 min in an ultrasonic cleaner. After five rinses in water, seeds were germinated on 0.8% water agar containing Benomyl (5 ,ug/ml active ingredient, Science Products, Chicago). At specified times, the cotyledons were excised and wounded on their flat surface by making two 1-cm scratches (about 0.5 mm deep) parallel to the central vein, and each was inoculated with 2.5 ,l of bacterial suspension (10"/ml prepared as above). After incubating 3 d on water agar (0.8%), each cotyledon was transferred to 3 ml (24-well Costar dish) of water agar (0.8%) containing Benomyl (5 ,gg/ml active ingredient), Vancomycin (Sigma) (200 /g/ml), and carbenicillin (Beecham) (200 ,ug/ml) or, in the case of Biloxi, to B5 agar (0.8%) medium (13) supplemented with 0.5 g/l casamino acids (B5 cas) containing the above antibiotics. Cotyledons were cultured at 27°C with a 16-h photoperiod (30 ,umol m 2 s-', cool white fluorescent).
In Vitro Tumor Culture. Tumor cultures of greenhouse-grown crown galls were established by the procedures of White et al. (24) except that B5 cas medium minus phytohormones (B5 cashor) containing the above antibiotics was used throughout. Cotyledon tumors were removed when 1.5 to 2.0 mm in diameter and cultured initially on 50 ,l of B5 cas-hor with the above antibiotics.
Octopine Assay. About 75 mg of tumor callus was incubated 24 h or, for weak octopine-producing lines, 88 h in 50 ,l of B5 cas-hor medium supplemented with L-arginine (100 mM). Tissue extracts were subjected to electrophoresis as described ( 19) .
Southern Blot Hybridization Analysis of T-DNA. DNA was extracted and purified as described (12) Figure 1 . The mean ± SE of gall weights in Figure 1 were calculated on the basis of number of plants inoculated, rather than on the number of inoculated plants that formed galls. This basis was chosen so that the data would reflect not only the growth rate ofgalls, once initiated, but also the frequency of gall formation. The actual frequency with which plants of each genotype responded to inoculation by forming galls is listed after each genotype name in Figure 1 as (Fig. la) , but only weakly so in the growth chamber (Fig. lb) formation on the six cultivars grown in both environments was somewhat lower in the growth chamber, 72 + 7% compared to 91 ± 4% for the same six genotypes in the greenhouse (calculated from data in Fig. 1) .
Two genotypic differences, in addition to gall weight, were noted; the number of crown galls per wound area, and growth ofgalls beyond the 8-week experimental period. Cultivars Peking and Biloxi tended to form masses of small galls over the entire wound area caused by the 12 needle punctures (Fig. 2) , while Jupiter, Williams, and Verde (Fig. 2) , for example, formed only a few. These differences in the incidence of gall formation per needle puncture did not always correlate with gall weight per plant at 8 weeks, since Jupiter and Peking were equal in this respect (Fig. 1) . Additionally, galls on Biloxi and Peking ceased growing at about 8 weeks and commenced senescing. In contrast, galls on Clark rib, for example, continued to enlarge considerably in succeeding weeks.
We investigated whether the genotypic differences described above might be an artifact ofthe mode of infection. For example, could differences in stem pubescence have influenced the amount of liquid inoculum retained on the wound? In a growth chamber experiment, we inoculated stem wounds on Jupiter, Cobb, Biloxi, and Ransom cultivars with approximately the same number of strain A348 bacteria carried either in a mucoid scraping from an agar plate or in a liquid suspension. We found that the mucoid inoculum increased the overall frequency with which inoculated plants responded by forming galls, from 50 to 70% compared to the liquid suspension, but that the gall fresh weights per plant that formed galls were not significantly different for the two inocula (data not shown). From these results, together with the high frequencies of gall response generally obtained, we concluded that the differences in gall weights observed among genotypes were not artifacts of the mode of inoculation but due to genotypic variation.
Response to Stem Infection with Agrobacteria Carrying the Ri Plasmid. All of the 26 genotypes listed in Figure la were infected with strain R1000 (pRiA4b). Of these 26 genotypes, seven responded in a way recognizably characteristic of hairy root galls, i.e. they displayed small roots emerging from internodal wounds (Table I ). The roots were fleshy in appearance (Fig. 3) as is typical of hairy roots caused by A. rhizogenes on other species. Biloxi gave the most prolific response, but the longest roots were obtained with G. soja line PI 407.287 and G. max cv Peking (Table I ).
In Vitro Culture of Tumors. Tumor lines were established in vitro from crown galls incited by A. tumefaciens A348 on greenhouse-grown plants of G. max cv Clark ii' and G. soja PI 378.693B. These tumor lines produced octopine (Fig. 4, lanes 1  and 2) and grew on medium free of phytohormones with a doubling time (7 d) tumor induction by the Ti-plasmid strain A348 (Table II) . Putative tumor calli appeared in wounds about 12 d after inoculation (Fig. 5a) and upon removal at 15 to 25 d grew on hormonefree medium and synthesized octopine (Fig. 4, lane 3) . At about 17 d postinoculation, roots began to emerge from some of these tumor calli (Fig. 5b) , and by 25 d rooting was observed on 67% of the tumor calli (Table II) . Some of these roots exhibited callusing when about 1 cm in length. These roots, when excised and cultured on hormone-free medium, proliferated unorganized callus that synthesized octopine (Fig. 4, lane 4) and eventually regenerated new roots. The callus lost this rhizogenic capability after several subcultures, however.
In contrast to the above results with the Ti-plasmid strain A348, cotyledons excised from Peking seedlings germinated for 1 d were not sensitive to infection by the Ri-plasmid strains RIOOO. However, those excised from 3-d seedlings were maximally sensitive (Table I) . Oddly, only 5% of these wound calli formed roots. Neither calli nor roots have been characterized.
Biloxi cotyledons cultured on water agar without phytohormones failed to form tumors in response to infection with strain A348. Nevertheless, when they were cultured on B5 cas medium containing 2,4-D (1 mg/l), call intermixed with roots proliferated in most of the infected wounds. From these growths, several tumor lines were extablished that exhibited hormone-independent growth and octopine production (Fig. 4, (23) . As a control, a two-copy plasmid reconstruction mixture was electrophoresed in parallel (Fig. 6, lane c) . The autoradiogram of the blot (Fig. 6) (10) , indicating that these are internal fragments wholly contained within the T-DNA. The prominent region of hybridization to high mol wt DNA band probably represents one or more border fragments containing Ti and soybean DNA covalently joined. Several additional faint bands may reflect abnormal T-DNA insertions or rearrangements. The intensity ofhybridization ofthe two internal fragments compared with the plasmid reconstruction lane suggested that two to four copies of T-DNA were inserted per soybean genome. DISCUSSION Soybean, both the domesticated G. max and its wild annual progenitor G. soja, displays wide genotypic variation in susceptibility to infection with either Ti-or Ri-plasmid bearing agrobacteria. With the Ti-plasmid strain A348, three G max and one G. soja genotypes were judged highly susceptible, 10 moderately susceptible, 11 weakly susceptible, and two nonsusceptible (Fig.  1) . These classifications were based on gall fresh weight at 8 weeks which, in turn, reflected genotypic variability in the incidence of inoculated plants that formed galls, the incidence of gall formation per stem puncture, the growth rate of galls, and the length of time during which the galls continued to grow. Because of variability among genotypes in these several response parameters, this single-parameter classification scheme for susceptibility is accurate only in a general sense. Also it should be noted that, compared to crown galls on many other dicots, soybean galls were small and slow-growing even on the most susceptible genotypes.
In selection of germplasm for this investigation, we used maturity group classification as an indicator ofgenetic variability. While the selection criterion did indeed provide a broad range of genotypic variation, it also introduced the possible confounding problem of early maturation and senescence of plants in maturity groups 00, 0, and II, the earlier maturing groups. This did not seem to be the case, however, since similar results were obtained with four of five cultivars when they were retested in the growth chamber under LD conditions especially chosen to delay maturation of lower-number maturity groups (Fig. lb) . We conclude, therefore, that crown gall induction and growth were not related to the maturation characteristics of the genotype, but rather reflected some other genetic trait.
Neither was the weak response observed with Biloxi in the growth chamber (Fig. 1 B) related to maturation, since plants in that experiment matured to about the same degree as in the greenhouse experiment (Fig. la) . The specific environmental factor causing this genotype x environment interaction has not been identified. Growth chamber conditions differed from those in the greenhouse in longer photoperiod, much reduced light intensity, and lower temperature. Pedersen et al. (20) also observed a strong genotype x environment interaction in crown gall formation on G. max. In experiments with Mandarin cv, the most susceptible ofthe three cultivars they tested, very few, small galls (1-2 mm) were obtained unless they employed a combination of certain controlled environmental conditions and enclosure of the inoculation site in a small tube. We did not employ inoculation-site enclosures in any of our experiments, but we also observed that with no protection ofthe wound site Mandarin responded to A. tumefaciens infection in a weakly susceptible fashion (Fig. 1) .
Some soybean genotypes, for example Peking and Biloxi, that were highly susceptible to the Ti-plasmid strain were also highly responsive to the Ri-plasmid strain. Nevertheless, response to one strain was not a reliable indicator of response to the other. G. soja line PI 407.287 responded weakly to A348 (pTi) but strongly to R1000 (pRi). Conversely, Jupiter, a cultivar highly responsive to A348, showed no reaction to R100 0. These differential responses of soybean genotypes to the type of oncogenic plasmid carried by the Agrobacterium strain are striking and probably reflect the expression of several traits that affect the interaction of the plant with the bacterium. Included might be traits that affect the initial survival ofagrobacteria in the wounds; the subsequent binding of bacteria to the plant cell wall; the transfer of DNA from the bacteria into the host cell; the integration of DNA into the plant chromosome; and the endogenous phytohormone levels in the stem that could enhance or inhibit tumor growth and possibly determine the age at which galls begin to senesce. The biochemistry of most of these interactions has not been elucidated.
Genotypic differences were further observed in the response of excised cotyledons to infection with strain A348 (pTi In our experiments the physiological age of soybean cotyledons exerted great influence on both susceptibility to tumor initiation and tumor morphology (Table II) . The rooty morphology of cotyledon tumors incited by the Ti-plasmid strain A348 was especially unexpected, because roots were never observed on stem galls incited by A348 on any of the 27 genotypes tested. Also unexpected was the low incidence (5%) ofrooty morphology of cotyledon tumors incited by the Ri-plasmid strain Rl000 (Table II) , since stem galls induced by this strain on Peking and other cultivars did exhibit rooty morphology (Fig. 3) . The influence of cotyledon age on tumor initiation and morphology probably reflects rapidly occurring changes in phytohormone levels in cotyledons during germination. Our observation that cotyledons excised from seeds that were germinated for only 1 (14) . We have found these tms and tmr mutants to be weakly oncogenic on G. max (unpublished data). Whether they can also effect morphogenesis is currently under investigation.
